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ABSTRACT

Simplified, physical models for calculating infiltration in a single zone, usually calculate
the air flows from the natural driving forces separately and then combine them. For
most purposes especially minimum ventilation or energy considerationsthe stack
effect dominates and total ventilation can be calculated by treating other effects (i.e.,
wind and small fans) as perturbations, using superposition techniques. The stack effect
is caused by differences in density between indoor and outdoor air, normally attributable
to the indoor-outdoor temperature difference. This report derives an exact, but practical,
expression for calculating the stack effect from the air densities and leakage distribution
using the power law formulation of envelope leakage. The neutral heightthe height at
which there is no stack-related indoor-outdoor pressure differenceis a key intermediate
in stack modeling. This report defines a computable parameter calledstack height,
which contains all of the leakage distribution information necessary for estimating stack
flows, thus freeing the model from specific assumptions (e.g., that the leakage is separ-
able into evenly distributed floor, wall, and ceiling components). Example calculations
including comparisons with other models, as well as validations using measured data
from dwellings, are also presented. The dimensionlessneutral level, which is related to
the neutral height, is often used as an indicator of leakage distribution and in superposi-
tion. Its definition and role in these regards are discussed in detail. The more exact
formulation is then used to analyze the simple box cases normally assumed in infiltra-
tion modeling and other approximations. Measured ventilation data will be used to infer
leakage distributions and neutral levels as well as for example calculations.

Keywords: Infiltration, Ventilation, Stack Effect, Validation, Dwellings, Indoor Air
Quality, Single-zone, Modeling, Superposition.
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NOMENCLATURE

Neutral level [-]sβ
ELA Effective leakage area [m2]

Neutral level factor [-]βs
f

g Acceleration of gravity [m/s2]
h Height [m]
H Box height [m]

Neutral height (stack only) [m]nh

Hs Stack height [m]
K tneiciffeocegakaeL
k[h] hthgiehtaretemreptneiciffeocegakaeL

Stack-induced mass flow rate of air [kg/s]
.

m

n Leakage exponent [-]
P ]aP[erusserp)riA(
∆P Representative pressure drop across the envelope [Pa]
R Box ratio [-]
ρ Density (of air) kg/m3

Stack-induced air flow [m3Q ]rh/
X Vertical leakage asymmetry[-]

Subscripts indicate values associated with:
+ noitartlifni
− exfiltration
↑ lighter air (i.e., leakage through upper part of building)
↓ denser air (i.e., leakage through lower part of building)
o ecnerefer
i individual leak

November 19, 1998



3

INTRODUCTION

The calculation of infiltration-dominated ventilation usually requires the combination of
wind-induced, temperature-induced, and mechanically-induced air flows. Complex models
solve the problem by finding the pressure at each point on the envelope and then solving for

Such an1the flow modifying the internal pressure in order to satisfy the continuity equation.
approach is very powerful, but may require inputs and computational requirements that may
make it impractical. For many applications simpler models are desirable, even if less accurate.
Each of these three mechanisms induces pressures across the envelope to drive the flow, but
the spatial distribution of the pressure is different for each one of them. The focus of this
report will be to develop appropriate expressions for the descriptions of thestack effectfor use
in single-zone modeling.

Stack Effect

The stack effect is the flow resulting from hydrostatic pressure differences caused by den-
sity differences in two fluid columns. For buildings, the fluid is air and the density difference
is caused by bulk temperature differences. Although humidity and other variations in consti-
tuents of air can cause density differences, they are usually minor compared with normal tem-
perature differences and will be ignored.

The physics of the stack effect is straightforward and has been understood for a long time.
defined theneutral level as the height at which there was no pressure2In 1926 Emswiler

difference and thus no flow, and related the flow through large openings in the building to the
square-root of the vertical distance from the neutral height.

When there is internal resistance (i.e., airtight partitions or floors) the neutral level may
not be unique and the pressure gradient complex. Such has been demonstrated for multistory
buildings.3 By definition a single-zone building has no significant internal resistances and so
we will ignore such complexities. The stack effect, however, can cause large pressure differ-
ences even in single zones which can adversely affect mechanical ventilation systems.4

In tall structures or when the density difference is small, density gradients can play a sig-
nificant role. We will, however, assume in this report that they are not important.

MOTIVATION

Many infiltration models are currently in use;5 but the most widely used single-zone
which is included in the ASHRAE Handbook of Fun-6,7model is the LBL infiltration model,

damentals.8 A recent model, AIM-2, by Walker and Wilson9 builds upon the LBL model and
makes some generalizations. All of the single-zone models share the characteristic of treating
the zone as a rectangular box, having a fixed floor and ceiling height. Thus all of thevertical
leakage is concentrated at two heights. As the assumption is usually made that leakage in the
walls is evenly distributed, the leakage distribution can be described by three parameters. In
the case of the LBL model (and AIM-2), these three parameters are the total effective leakage
area,ELA, the fraction of leakage in the vertical surfaces,R, and the fractional difference in

.‡the ceiling-floor leakage,X

__________________

‡ Many box models use the parameters, , , , etc. The definitions used in this report may be somewhat different, but will, inβXR s

general, be similar in nature.
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Real buildings, of course, are not usually simple boxes; there are split level, multiple
story, and partially bermed buildings having vertical stacks and uneven surfaces. Palmiter and
Brown10 were the first to quantify the size of the errors caused by this assumption. They
compared the definition of lowest leak to highest leak discussed in the ASHRAE Standard on
air leakage11 with an area weighted column of air and found that the former produced an aver-
age value 32% higher for their example houses. The two definitions should produce the same
result for a simple box.

It is not necessary to determine which of the two definitions is superior to realize that the
simple box model may be inappropriate for a large class of real buildings. The size of the
error suggested by Palmiter and Brown provides a motivation to develop a stack model which
does not rely on the box assumption and then to develop a more general derivation based on a
simple box.

ENVELOPE LEAKAGE

The stack effect is buoyancy-caused, pressure-driven air flow through the envelope of the
building. It is, therefore, important to understand the leakage properties of the envelope in
order to understand the stack effect. Envelope leakage is conventionally treated as a power

The measurement of leakage is usually performed with a technique called fan pressuri-12law.
zation13 wherein the fan flow induces a shift in the internal pressure:

nP∆K=Q (1)

1≤n≤/1 2where the exponent depending on the hydrodynamics of the leaks.

In addition to being measured from a fan pressurization test, the leakage parameters can be
14,15found from more advanced techniques

The exponent is a particularly important characteristic of the flow for both understanding
the behavior and modeling it. If the exponent were unity, the modeling would be linear and
relatively simple. For most buildings, however, the exponent is in the range with57.0≤n≤55.0

3⁄2=n being a typical value.16

The whole-building leakage is clearly made up of many parallel leakage paths. Although
these leakage paths will not, in general, have the same exponent, it is commonly assumed that
all macroscopic areas of the building can be treated as having the same exponent. Similarly, it

Kis assumed that is temperature independent; reference 12 demonstrates this independence
only for the specific value of 3⁄2=n

For the purposes of this report we will make these same assumptions. Thus, we will treat
all leakage sites as though they are described by a single exponent and a temperature-
independent leakage coefficient. It is clear, however, that a better understanding of the leakage
process is needed.

Rather than describing leakage with a coefficient of mixed dimensions, leakage is often
discussed in terms of an effective leakage area,ELA defined by

o
o
n− /1 2√MMELA ≡ K

2

ρ___P (2)

esuoslasledomehtfoynaM.aP4ebotnekatyllaususierusserpecnereferehterehw ELA

directly, rather than .K
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STACK EFFECT

The stack effect is caused by the hydrostatic pressure difference of two columns of fluid
at different density. To be specific since indoor air and outdoor air are at different tempera-
tures their densities are different and there is a stack effect. The pressure difference will be a
function of the density difference and height:

n A
Ah − hA

A= ∆ρgA
A∆PA

A
(3)

where

↓ ↑ρ−ρ≡ρ∆ (4)

his the density difference between the two columns of air and the neutral height, , is then

. Since we are ignoring density gra-↓height at which the pressure in the two columns is equal
dients, the density inside and out can each be represented by a single (average) value.

To calculate the air flow it is necessary to apply eq. 1 by integrating the leakage at each
height.

∫↓
−∞

hn

n

n
dhG

E∆ρg (h − h)D
BQ = k[h] (5.1)

∫↑
hn

∞

n

n
dhG

E∆ρg (h − h )D
BQ = k[h] (5.2)

Note that we have separated the infiltration (positive pressures) from the exfiltration (negative
pressures).

The neutral height is fixed by the requirement that themassbalance between infiltration
and exfiltration be maintained.

↓ ↓ ↑ ↑
.

m=Qρ=Qρ (6.1)

h dh = 0G
Eρ k[h +h] − ρ k[h −h]D

B∫
0

∞

↑ n ↓ n
n (6.2)

It is conventional to use volumetric rather than mass flows to describe infiltration so we
will seek a form for the stack flow as follows:

oρ Q = m
.

(7)

which means we must use a reference density. Since eq. 1 is a volumetric flow equation, we
can select the density in such a way as to have the stack flow be analogously defined:

∫
−∞

∞

n

n
dhA

A∆ρg (h − h )A
A_____k[h]

2K
Q = K (8)

The density must then be as follows:

∫

∫
o

−∞

∞

n

n

0

∞

↑ n ↓ n
n

____________________________
h dhG

Eρ k[h +h]+ρ k[h −h]D
B

dhA
Ah − hA

Ak[h]

ρ ≡ (9.1)

__________________

↓ Note that the definition for neutral height in this report is specifically for the case in which only the stack effect operates. The
actual height at which the indoor and outdoor pressures are equal can be affected by other factors (e.g., fans or wind).
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Equivalent Stack

To gain some insight into these formidable integrals, we consider the case of a simple
H=hKH=hKstack in which there is a leak, , at the bottom ( ) and another, , at the top ( ).↓ ↓ ↑ ↑

This situation is exactly analogous to the stack effect in a building in which there are leaks
only in the floor and ceiling.

Using the relationships from the previous section, the neutral height is

↑ ↓
1⁄n

↓ ↓

↑ ↑

n ↓h −H =

1 +
B
A
D ρ K

ρ K_____E
A
G

H − H______________

(10)

and the mass flow through the stack is

↓ s
n

↑ s
n

↓ ↑ s
n

s
n

↑ ↓
n

G
E∆ρg(H − H )D

B_______________ρ ρ β (1−β )

ρ β +ρ (1−β )
= K

.
m (11)

where the neutral level is defined as

s
↑ ↓

n ↓________h − H

H − H
β ≡ (12.1)

1⁄n
↓ ↓

↑ ↑

______________1

G
A
E_____ρ K

ρ KD
A
B

1 +

=
(12.2)

Kand is the total leakage

K = K + K = K + K↓ ↑ + − (13)

We can rewrite the mass flow as follows:

βs s

n

G
EPD

Bf___K
2

Q = (14)

Pwhere the stack pressure, , is the effective pressure drop across the leakage sites:s

s
↑ ↓________H − H

2
gρ∆=P (15)

fand the neutral level factor, , is defined as follows:
sβ

βs
s
n

s
n

1+n
s
n

s
n

G
F
E______________2 β (1−β )

β + (1−β )D
C
B

f ≡ (16)

The reference density reduces to

o
↓ s

n
s

n
↑

↓ s
n

s
n

↑_________________ρ (β + (1−β ) )ρ
ρ β + (1−β ) ρ

ρ = (17)

XWe define a parameter, , to describe the asymmetry in the leakage:

X ≡
ρ K +ρ K

ρ K −ρ K___________~~
K

K −K_______↑ ↑ ↓ ↓ ↑ ↓

↑ ↑ ↓ ↓
(18)

or, equivalently,

s
n

s
n

s
n

s
n

sn(2β −1)~~____________β − (1−β )

β + (1−β )
X = (19)

If we do this we can rewrite some of the previous expressions:
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1⁄n
1⁄nsβ =

1 +
B
A
D 1+X

1−X_____E
A
G

1______________~~
2
1__(1+X)

(20.1)

2 (1+n)⁄2n
2

n
1⁄n 1⁄n

n
sβf = 2

B
D (1−X) + (1+X)

E
G

1−X_____________________~~ (1−X ) (20.2)

↓ ↑

↓ ↑

↓ ↑

↓ ↑
oρ =

ρ + ρ + X ∆ρ
ρ ρ______________~~

ρ + ρ
ρ ρ_______ (20.3)

ρ<<ρ∆The approximations in eqs. 18 and 20.3 are true if the the density difference is small ( );
the approximations in eqs. 19 and 20 are true if the leakage asymmetry is small ( ); and theX<<1

approximations in eqs. 19, 20.1, 20.2 are also true if the exponent approaches unity ( ).1→n

Although the exponent is normally closer to 2/3, the other two conditions are usually true.

This description is complete for a system with exactly two, localized leaks, but it cannot
be used in the general case without further refinement. First we must interpret the two leakage
sites to be the total leakage area below and above the neutral level respectively:

∫↓
−∞

hn

K ≡ k[h] dh ~~ K
2

1−X_____ (21.1)

∫↑
hn

∞

K ≡ k[h] dh ~~ K
2

1+X_____ (21.2)

HHWe define the equivalent stack bottom ( ) and stack top ( ) so that the mass flow is correct:↓ ↑

↓ ↓ n ↓
n

↑ ↑ ↑ n

n

G
E∆ρg(H −h )D

B= K ρ
.

= mG
E∆ρg(h −H )D

BK ρ (22)

∫
↑ n

↑

hn

∞

n
n

1⁄n

G
A
A
A
E

_______________

k[h](h−h ) dh

KD
A
A
A
B

H ≡ h +
(23.1)

∫
↓ n

↓

−∞

hn

n
n

1⁄n

G
A
A
A
E

_______________
k[h](h −h) dh

KD
A
A
A
B

H ≡ h −
(23.2)

Thus, as can be directly verified, eqs. 11,12,15 can be used in the general case with these
definitions.

Stack Height

We now seek to compress all of the leakage distribution information into a single parame-
ter so as to express the infiltration as follows:

s
n

G
A
E

___H

2
∆ρg

D
A
B

___K
2

=Q (24)

Hwhere is called thestack height.s

The general relationship for the stack height can be found by comparing this to eqn 8:

November 19, 1998



8

∫
s

−∞

∞

n

n

1⁄n

G
A
A
A
E

____________________
dhA

Ah − hA
Ak[h]

KD
A
A
A
B

H = 2

(25.1)
Equivalently, the stack height can be related to the equivalent stack top and bottom as follows:

s βs
1⁄n

↑ ↓H = f (H − H ) (25.2)

Thus all of the information about the leakage distribution (relevant to the stack effect) can
be contained in a single parameter, the stack height. Other formulations, such as simple box
models, can be converted into this form.

LEAKAGE DISTRIBUTION EXAMPLES

The following examples illustrate the procedure for three houses of differing construction.
The procedure calculates the stack height and leakage distribution parameters; specific tem-
perature conditions could be used to calculate the flows. The leakages are quoted in effective

Kleakage area, which is linearly related to by eq. 2 and can be used in its stead.

For the examples below we will estimate the neutral height by ignoring the density differ-
ences, assuming that any unaccounted for leakage is evenly distributed in height, and defining
the floor level as the zero in height. Operationally, one can use an exponent of unity in eq. 6.2
to estimate the neutral height, in which case

Σ Σ i
i

i i
i

nh ~~
K

K h +(K− K )H ⁄2
___________________ (26.1)

or, equivalently

Σn
i

i
i )___H

2
(h −___K

K
+___H

2
~~h (26.2)

KhHwhere is the height of the house and is the height at which leak is located.i i

s sHβXHaving determined the neutral height, , , and can then be calculated from eqs.
12,18, and 25.

Default House

Consider a two-story (5m) tall house with a total leakage area of 700cm2 (with an
of floor area (10m x 10m footprint). If we know nothing else2exponent of 0.65) and 200m

about the leakage distribution, we might reasonably assume that the envelope is uniformly
of ceiling leakage, and2of floor leakage, there is 175cm2porous in which case there is 175cm

there is 350cm2 in the walls. Using the approximate expression for the neutral height,

nh ~~
2
5__ +

700
175____(5−2.5) +

700
175____(−2.5) = 2.5m (27)

(This result is, in fact, that from the exact neutral height expression, eq. 6.2)

s
.65 1.65 1.65 .65 .65

______________________________________________________
| 2.5| +175|−2.5| +175| 2.5|________350

2.5* 1.65
| −2.5| +________350

2.5* 1.65
700

=
G
A
E

___H

2D
A
B

(28)
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The values of the parameters are

s s 05.0=β0=X75.3=H (29)

Slab-on-Grade House

Consider a single-story (2.5m), slab-on-grade house of 700cm2 of leakage area (with
of256.0=n ) in which the only leakage is in the walls and at ceiling level. There is 140cm

leakage at the level of the ceiling (2.5m), the remainder is assumed to be spread evenly in the
walls. Using the approximate expression for the neutral height we get

nh ~~
700
1____ B

A
D

140* 2.5 +
2

560* 2.5________ E
A
G

= 1.5m (30)

The stack height can now be calculated as follows:

s
.65 1.65 1.65 .65

____________________________________________
* | 1| +140* | 1|________560

2.5* 1.65
* | −1.5| +________560

2.5* 1.65
700

=
G
A
E

___H

2D
A
B

(31.1)

sH ~~ 1.3 (31.2)

More exact values of the parameters are

n s s 25.0=β30.0=Xm43.1=Hm25.1=h (32)

The stack height is significantly less than the floor-to-ceiling height because of the concentra-
tion of leakage at ceiling height without any compensating leakage at floor level, even though
the net asymmetry is small.

Crawlspace House

Consider a single-story, crawlspace house of 700cm2 of leakage area (with ).56.0=n
2dryer vent 1m above the floor, 140cm2of leakage is at floor level, there is a 50cm2210cm

of leakage at the level of the ceiling (2.5m), and a total of 100cm2 of leakage at the 4m level
due to (insulated) flues, vents, and chimneys; the remainder is assumed to be spread evenly in
the walls. Using the approximate expression for the neutral height we get

nh ~~
700
1____ B

A
D
50 +

2
200* 2.5________+ 140* 2.5 + 100* 4

E
A
G

= 1.5m (33)

The stack height can now be calculated as follows:

s
.65 .65 1.65 .65 .65

_______________________________________________________
+50*. 5 +140+100* 2.5________200

2.5* 1.65
* 1.5 +________200

2.5* 1.65
210* 1.5 +

700
=

G
A
E

___H

2D
A
B

(34.1)

sH ~~ 2.3 (34.2)

More exact values of the parameters are

n s s 54.0=β70.0−=X03.2=Hm44.1=h (35)

This house has the same total leakage as the first example, but a significantly larger stack
height (and therefore, stack effect), because the leakage sites are vertically separated. The
stack flow for this example will be about 70% larger than the first one because of the different
leakage distributions. Thus, the stack height is similar to the floor-to-ceiling height.
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Daylight Basement

Consider a two-story house in which the bottom level is partially bermed and half of it is
( ). There is floor level leak-2mc007siegakaellatotehtniagA.egaragaybpunekat n=0.65

of leakage between the two stories (2.5m); there are 1002; there are 100 cm2age of 150cm
cm2 of leakage at the ceiling level (5m) ; there are 50 cm2 of leakage at 7m above the floor
from a chimney. The remainder of the leakage is assumed to be spread evenly in the walls.
Thus, the neutral height is as follows:

nh ~~
700
1____ B

A
D 2

300* 5______+ 100* 2.5 + 100* 5 + 50* 7
E
A
G

= 2.6m (36)

From which we can calculate the stack height:

s
.65 .65 1.65 .65 1.65 .65 .65

____________________________________________________________
2 +100* 2.4 +50* 4.4_______300

5* 1.65
2.6 +100*. 1 +_______300

5* 1.65
150* 2.6 +

700
=

G
A
E

___H

2D
A
B

(37.1)

sH ~~ 3.2 (37.2)

More exact values of the parameters are

n s s 83.0=β51.0−=Xm21.3=Hm75.2=h (38)

Even though the building is twice as tall as in the second example, the stack height is only
somewhat larger, because of the concentration of leakage near the middle of the building.
Note that there is significant asymmetry (and an accordingly small neutral level) because there
is a significant leak just below the neutral height.

BOX MODELS

As discussed in the introduction many models treat the building as a box. There is leak-
Hage in the floor, the ceiling, and the walls (of height ), but in order to define it as a simple

box we must make an assumption about how the leakage is distributed in the walls. In the
LBL model, it is assumed that all wall leakage is evenly distributed. We assume here that
there can be different amounts of leakage in the walls above and below the neutral height, but
that the distribution in leakage in the walls mirrors that of the floor and ceiling:

ceiling ceiling f loor

↑

f loor

↓K

K______ =
K

K_______= R =
K

K + K______________ (39)

RThus the box ratio, , represents the fraction of the leakage lumped at the floor and ceiling.

The neutral level can still be calculated from eq. 20, but it is conventional (in box models)
to define the neutral level based on the height of the box (from the floor):

box
n___h

H
≡β (40)

As can be verified, this definition of neutral level is equivalent to the one used previously
provided the box assumptions are valid(i.e., only if eq. 39 is true).β=βbox s

Following the development of the previous sections, the flow equation for the simple box
is very similar to that for the simple stack case:

βs

n

G
A
E___H

2
∆ρg

D
A
B

f_____1+nR
1+n

___K
2

Q = (41)

1=RAs expected, this solution reduces to the simple stack case for .
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The stack height can be calculated from the box model parameters as follows:

s βs

1⁄n

H
G
A
E

f_____1+nR
1+nD

A
B

H = (42)

Equivalent Box Parameters

Few houses are really simple boxes and follow the assumptions above, but it is possible to
find a set of parameters that is equivalent to the actual situation. Some of the parameters can
be determined from direct measurement while others must be inferred. If the leakage distribu-

Hdna,β,h,Xtion is known, then can all be directly calculated using eqs. 18-25.n s s

H RWe can calculate values for and that must exist for the box assumptions to be true.
The equivalent box height inferred from the neutral level and height:

s

n___h

β
H = (43)

The assumption that eqs. 38, 39 and 42 are true is thebox assumption. The box parameter can
only be calculated by making these assumptions and is as follows:

n
s

sβ
R =

n

f
1+n____

B
A
D H

H___
E
A
G

− 1
_______________ (44)

Eqs. 43 and 44 define the equivalent box height and ratio for the case in which the leak-
age distribution can be calculated directly. If the box assumptions were valid, then the

Requivalent box ratio would lie between zero and unity, but in general can have a larger
Rrange. If is greater than unity it implies that there is significant leakage below the nominal

Rfloor or above the nominal ceiling. If is less than zero, it implies a concentration of leakage
near the neutral level.

The equivalent box parameters, and , can be calculated for our four examples and areRH

summarized in the discussion.

INTERPRETATION OF FIELD MEASUREMENTS

The above approach assumes detailed knowledge of the leakage distribution. For
parametric studies or design purposes it may be possible to define the leakage distribution
exactly, but when measuring an existing structure it may not be possible to know where all of
the leakage is. It is possible to measure the neutral height directly (from pressure measure-
ments) and the stack height from the whole-building leakage, temperature difference and the
infiltration rate (using eq. 24).

If a nominal building height is assumed then a set ofapparent box parameters can be
found. The neutral level can then be determined from eq. 40, the leakage asymmetry can be
determined from eq. 19 and then the box ratio can be determined from eq. 44.

In order to demonstrate this stack formulation, it is necessary to have field measurements
of both the envelope leakage and ventilation with only the stack effect in operation. Such a

The sites were in the Puget Sound17case study has recently been done by Palmiter and Bond.
area of the state of Washington and were relatively new construction. Information not expli-

18citly contained in this report was required for the calculations below.
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In all sites continuous multizone air flow measurements were made using tracer gases19

and while all mechanical systems as well as weather and surface pressures were monitored.
The infiltration data for these examples will only include those periods in which the stack
effect dominated and there were no effects from HVAC systems.

Site 1

This site was a two-story crawlspace home with attached garage, built in 1988 to the
"Super Good Cents" program specifications; it had tight-fitting windows and electric baseboard
heating. The Super Good Cents program requires the presence of mechanical ventilation,
which consisted of a central exhaust fan in the attic with five ports in upstairs closets and a
through-the-wall 5" diameter inlet port (with damper) located 1.6m above the first-story floor.
In addition, there were two ceiling and three mid-level exhaust vents, all of which had back-
draft dampers. There was also a dryer vent at floor level. The total leakage area was meas-

with an exponent of 0.63.2ured at 560cm

The measured neutral height for this site was 7.75 ft., which implies an apparent neutral
level of 0.48 based on the 16.25 ft nominal height. The stack-induced air change rate was
approximately 0.28 h-1 which yields a stack height of 11.5ft from the average temperature

C. The apparent is 0.50 and the apparent is -.03.o3.11foecnereffid R X

Site 2

This site is also a two-story crawlspace house with attached garage. Built in 1979, it has
There are three ceiling vents, one mid-level20been the subject of detailed measurement before

vent, one ground level dryer vent, and one fireplace on each floor. While the ceiling in site 1
2was flat, this site had a partial cathedral ceiling. The total measured leakage area is 1089 cm

with an exponent of 0.66.

The neutral height was measured at 8.45ft which implies an apparent neutral level of 0.52
,-1based on the 16.25ft nominal height. Stack induced ventilation was approximately 0.41 h

which yields a stack height of 13.1ft from the average temperature difference of 9.3oC. The
XRapparent is 0.67 and the apparent is -0.02.

Site 3

This site is a split-level home with an integral garage built in 1984 and has partial slab
and partial crawlspace. There are two ceiling vents two mid-level vents, and one dryer vent
and fireplace on the the lower floor. The total measured leakage area is 902cm2 with an
exponent of 0.70. (Note: this leakage is based on depressurization only.)

The neutral height was measured at 8.48ft which implies an apparent neutral level of 0.52
,-1based on the 16.25ft nominal height. Stack induced ventilation was approximately 0.32 h

which yields a stack height of 13.1ft (for depressurization) from the average temperature differ-
C. The apparent is 0.76 and the apparent is 0.02.o3.8foecne R X
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Site 4

This site was a new manufactured home build under the BPA Residential Construction
Demonstration Program. It was single story, but had a cathedral ceiling section. There was a
make-up air system whose exhaust (with a damper near the mid-plane of the house) was sealed
for the quoted data and accompanying slot inlets. There are three ceiling vents and one dryer
vent; for The total measured leakage area is 286 cm2 with an exponent of 0.64.

The neutral height was measured at 4.6ft which implies an apparent neutral level of 0.49
based on the 9.33ft nominal height. Stack induced ventilation was approximately 0.16 h-1

C Theowhich yields a stack height of 4.8ft from the average temperature difference of 16.5
apparent is 0.11 and the apparent is -0.01.XR

DISCUSSION

We have applied our stack formulation to four examples where the leakage distribution is
known and to four measured instances where it was not. This dataset is summarized in Table
1 below:
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

TABLE 1: Summary of Examples and MeasurementsOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
ACTUAL EQUIVALENT APPARENTOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

esaC h H X β H R H R X βn s s boxOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Default 2.5 3.57 0 0.50 5.00 0.50 5.0 0.50 0 0.50OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Slab 1.52 1.34 0.03 0.52 2.91 0.00 2.5 0.20 0.14 0.61OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Crawlspace 1.44 2.30 -.07 0.45 3.23 0.51 2.5 0.90 0.10 0.58OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Basement 2.57 3.12 -.15 0.38 6.72 0.05 5.0 0.33 0.02 0.52OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Site 1 2.36 3.51 ? ? 4.7 0.57 4.9 0.50 -.03 0.48OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Site 2 2.55 3.99 ? ? 5.1 0.63 4.9 0.67 -.02 0.52OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Site 3 2.58 4.27 ? ? 5.2 0.72 4.9 0.76 0.02 0.52OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
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italic values are undetermined from measurements, but calculated assuming ./1 2=β,0=X sOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
APPARENT values are based on the nominal building height.LOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOL
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The first four columns of data represent the true value of the parameters as determined from
direct measurement. In the case of the four measured sites, the leakage distribution (i.e., asym-
metry or true neutral level) was not determined. The next two columns represent the values of
H R ruofehtmorfgnissimerewatadehtecniS.xobtnelaviuqeehtrofeurtebdluowtahtdna
measured sites these columns were calculated assuming leakage symmetry. The last four
columns represent the apparent distribution parameters based on the nominal height of the
structures.

One notes that the apparent neutral level, is not always the same as the actual neutralβbox

sβ Xlevel, , and similarly for . Although calculations based on the four apparent values will
yield the correct stack effect, the superposition of the stack effect with other driving forces
requires the actual value of neutral level.21
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The apparent neutral levels of the four measured sites are all quite close to 1/2 (i.e., )0~~X

and one might be tempted to generalize this result. These four sites, however, are all-electric
homes and, therefore, do not have as many flues as fossil-fuel heated homes for which a neu-

Xtral level in the range of 0.6 to 0.7 (i.e., ) would be more appropriate.~~0.2

In our formulation the neutral level is not a very sensitive factor for calculating the stack
Reffect, because we take into account both infiltration and exfiltration. Because indicates the

relative distance of leaks from the neutral level (in box models), it is significantly more impor-
tant. The eight cases show a wide range for the box ratio. Site 1 appears very similar to the

R5.=RDefault case in that . Sites 2 and 3 have high values of suggesting a large amount of
ceiling and floor leaks (including the leaky ductwork noted in the report). Site 4, the manufac-
tured home, has quite a low value of due undoubtedly to the factory-tight construction of theR

floor and ceiling assemblies.

The data might suggest that a relatively high value of is appropriate for stick-builtR

homes, but the sample is too small to be conclusive. The importance of this parameter to the
result implies that more field measurements should be made to categorize the value of forR

different construction types.

Additional conclusions based on the mechanical systems performance of these sites have
22been made by Palmiter.

Comparison to LBL Stack Model

The box version of this stack model can be compared with the LBL stack model (which is
/1 2=na box model). If we set , eq. 41 becomes equivalent to the LBL stack model (ref 6,7).

Doing so reveals that the two equations are similar in form, but slightly different in interpreta-
tion (i.e., the box assumptions used are not identical). Additionally, this model allows the
correct calculation of mass flow by including a modified density.

XRIn the LBL model the parameters and focused exclusively on the floor and ceiling
leakages. In this new model the interpretation of these parameters has been expanded to
include more general cases, which is quite useful in interpreting field measurements of infiltra-
tion.

Stack-Induced Pollutant Entry

Some pollutants (such as those in soil gas) may be driven into the building by stack-
induced pressure differences. This pressure can be easily calculated for any height in the
building (eq. 3). Since the competitive effects of pollutant entry and infiltration would be
simultaneously affected, it is necessary to solve them simultaneously to find the concentration
of the pollutant.

A detailed discussion of this is beyond the scope of this report, but as an example we can
solve the problem for the special case in which a pollutant enters the structure through a small
leak (of the same exponent as the house) driven by the inside-outside pressure at floor level.
(Such a case might be reasonable for radon entry into a slab-on-grade house.) The steady-state
concentration of this pollutant would thus be
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crack
∞C = C

K

K______

1−
1+n

1+nR_____X

2__________

(45)
KCwhere is the concentration of the gas entering through the leak.∞ crack

This example serves to demonstrate how the exposure will be a function of the leakage
Xdistribution. Specifically, if approaches unity (i.e., a lot of high leakage) the exposure could

Xbe quite large, but once gets into a more normal range (i.e., below 0.7) the concentration is
Xnot a strong function of the distribution; even making go highly negative cannot make the

exposure arbitrarily small.

SUMMARY

The model developed herein can be summarized as follows. The whole-building leakage
nKparameters and , combined with the temperature and density differences, interact with the

leakage distribution to give the stack-induced ventilation:
n

s

G
A
E

___H

2
∆ρg

D
A
B

___K
2

=Q (46.1)

Because of the density differences between inside and outside air this flow is neither the
volumetric infiltration nor exfiltration, but rather is at an intermediate density (given by eq.
17),

o
+ −

+ −_______ρ ρ
ρ + ρ

~~ρ (46.2)

which is quite close to the density at the average inside/outside temperature.

If the leakage distribution is assumed known then the stack height can be calculated:

∫
s

−∞

∞

n

n

1⁄n

G
A
A
A
E

____________________
dhA

Ah − hA
Ak[h]

KD
A
A
A
B

H = 2
(47.1)

where the integral can be converted to a sum for localized leaks and the neutral height is cal-
culated from eq. 6 or estimated from eq. 26.

The neutral level, , is a useful parameter for quantifying the vertical distribution of theβs

leakage and can be calculated from either the leakage distribution directly or equivalently from
Xthe vertical asymmetry parameter, .

β =

1 +
B
A
D ρ K

ρ K_____E
A
G

1______________=

1 +
B
A
D 1+X

1−X_____E
A
G

1______________
1⁄n 1⁄n

↓ ↓

↑ ↑

s

(47.2)

Although the neutral level is not strictly necessary for the calculation of the stack effect, it is
necessary for other functions such as the superposition of other driving forces or for the esti-
mation of the entry of some pollutants.

In a real building it may be difficult to know the entire leakage distribution and one can
make some estimates by assuming the structure can be treated as a box. From eq. 42 the stack
height can be estimated from the height of the box and the parameter, :R

H
G
A
E_____1+nR

1+nD
A
B

~~Hs

1⁄n

(48)

RThe problem still remains to estimate , which quantifies how well the leakage is spread out.
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(For example, if the leakage is evenly spread in the walls is zero, if it is all concentrated atR

Rthe floor and ceiling is unity; lumped leakage near the neutral level will decrease R, while
lumped leakage outside of the floor and ceiling level will increase it.) Some case studies which
would yield were presented, but sufficient data are lacking to provide guidelines on the esti-R

mation of this parameter.

Early field measurements indicated a need for improvements to stack models to handle
different construction types and leakage distributions. The model developed in this report is
more general and more robust than its predecessors. Current field measurements, combined
with the model, have allowed us to infer useful information about the leakage distribution in
some typical house styles and have demonstrated both similarities and differences from some
of the conventional assumptions. The current dataset of measurements is too small to general-
ize leakage distribution conclusions, but expansion of this effort could led to useful guidelines
in the future. Such guidelines would allow a better understanding of typical leakage distribu-
tions and, hence, of residential ventilation.
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